A B S T R A C T Recent evidence has suggested that a particulate 02-forming system is responsible for the respiratory burst in activated neutrophils. The respiratory burst is normally a transient event, lasting only 30-60 min. To investigate the mechanism by which the btrst is terminated, we examined the 02-forming activity of neutrophil particles as a function of time in the presence and absence of agents known to affect the function of intact cells. Measurements of the°2-forming capacity of the particles against time of exposure of neutrophils to opsonized zymosan, a potent stimulating agent, revealed a rapid fall in activity when exposure was continued beyond 3 min. Exposure to zymosan under conditions in which the myeloperoxidase system was inactive (i.e., in the presence of myeloperoxidase inhibitors, or in the absence of oxygen) resulted in a substantial increase in the initial 02-forming activity of particles from the zymosan-treated cells, but did not prevent the sharp fall in activity seen when zymosan exposure exceeded 10 min. The fall in activity was, however, prevented when activation took place in the presence of cytochalasin B (1.5 ,ugml), an agent thought to act largely by paralyzing the neutrophil through an interaction with its microfilament network.
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We conclude from these findings that the termination of the respiratory burst results at least in part from the inactivation of the particulate 02-forming system. This inactivation involves at least two processes which probably act simultaneously. One is the destruction of the system through the action of myeloperoxidase. The other appears to require active cell motility and is independent of oxygen. The current view holds that the 02-forming system of the neutrophil is located in the plasma membrane. It may be that the second process involves the internalization and degradation of this membrane-bound system.
INTRODUCTION
The exposure of neutrophils to suitable stimuli results in the activation of an oxygen-consuming metabolic pathway which is dormant in the unstimulated cell (1, 2) . The outward manifestations of this pathway include increases in oxygen uptake (3) (4) (5) (6) , superoxide production (6) (7) (8) (9) , hydrogen peroxide production (10) (11) (12) , and glucose consumption by way of the hexosemonophosphate shunt (3, 5) , a group of events which taken together are designated the "respiratory burst". It now appears that the respiratory burst is a consequence of the activation of a particulate enzyme which catalyzes the reduction of oxygen to superoxide (02) according to the following reaction (13): 202 + NADPH -> 2 O2+ NADP+ + H+.
Most of the hydrogen peroxide released during the burst appears to originate from the dismutation of the superoxide produced by that enzyme (12, 14) : 20°2 + 2 H+°-2 + H202, whereas the increase in the hexosemonophosphate shunt activity reflects an increase in NADPH turnover which is attributable in part to the pyridine nucleotide requirement for the 02-forming reaction, and in part to the activity of the glutathione peroxidase-glutathione reductase cycle, a metabolic pathway whose function seems to be to detoxify any H202 which diffuses back into the cytosol of the neutrophil (15, 16) :
Studies to date demonstrate that the respiratory burst is a self-limited phenomenon. Both oxygen uptake and O2 production rates in stimulated neutrophils begin to decline 20-30 min after the activation event, and by 60 min, have generally fallen to small fractions of the initial rates (3, 7, 17) . The limitation in the duration of the respiratory burst probably has little adverse effect onl the bactericidal activity of the neutrophil, since studies have shown that bacterial killing requires only a very brief exposure of the microorganism to the toxic agents produced during the burst (18, 19) . On the other hand, the damage inflicted by these toxic agents on surrounding tissues would be limited by the termination of the burst after a defined interval of time.
A number of explanations can be offered for the decline in burst activity over time. Phosphate-buffered saline, with and without Ca++ and Mg'+, was prepared as described elsewhere (13) . Hanks' balanced salt solution, IX without phenol red, was purchased from the Grand Island Biological Co., Grand Island, N. Y. Other reagents were the best grade commercially available, and were used without further purification. Cytochalasin B was stored at -70°C as a stock solution in dimethylsulfoxide (50 mg/ml); cytochrome c and diethyldithiocarbamate were also stored at -70°C. Solutions of inhibitors were prepared fresh each day. Diethyldithiocarbamate was dissolved in water. Other inhibitor solutions were prepared as described elsewhere (20) .
Neutrophils, particles, and O2 production. Human neutrophils were prepared as described previously (13) . Activation with opsonized zymosan was accomplished by the method of Hohn and Lehrer (21) , except for alterations in the duration of exposure to zymosan and the addition of various inhibitors as indicated below. 27,000-g particles from both resting and activated neutrophils were obtained as described by Hohn and Lehrer (21) . The particles were washed once with 0.34 M sucrose adjusted to pH 7.4 with NaHCO3, and suspended in the same medium to a final concentration of 0.8-1.0 mg particle protein/ml.°2 production by particles was determined at pH 7.0 according to a previously described method (13), using 0.1 mM NADPH as electron donor. Anerobic incubations. Anerobic incubations were conducted in Warburg flasks fitted in such a way that gassing, equilibration, and incubation could be conducted while the vessel and fittings were completely submerged in a 37°C water I Abbreviation used in this paper: NEM, N-ethylmaleimide.
bath. For these experiments, siliconized 15-ml Warburg flasks with single sidearms were used. The cells (2.5 x 107 in 1.5 ml phosphate-buffered saline) were placed in the main compartment of the flask, and zymosan (6 mg in 0.5 ml phosphatebuffered saline) in the sidearm. The mouth of the flask was stoppered with a syringe port, and the sidearm stoppered with a venting plug cut sufficiently short so the outlet would be under water during the incubation. The venting plug was attached to a nitrogen source by means of a rubber tube, and the syringe port was pierced by a 20-gauge needle connected to a short length of plastic intravenous tubing. The whole assembly was placed on a low rocking platform designed specifically for this purpose which was placed in the bottom of a Thelco model 83 water bath (Thelco Corp., Englewood, Colo.) and driven by means of an Ames aliquot mixer (Ames Co., Div. of Miles Lab, Inc., Elkhart, Ind.) to which it was connected by a long rod. The water level was such that the needle hub and the venting plug outlet were submerged, and the plastic tubing was arranged so that its remote end was under water as well. The rocking motor was turned on, and the flask was gassed with nitrogen for 7 min. Gassing was terminated by first closing the venting plug, then removing the needle from the syringe port; this procedure ensured that the flask would contain nitrogen at atmospheric pressure. After incubating for 3 more min to establish equilibrium between the constituents in the flask and the overlying atmosphere, the contents of the sidearm were tipped into the main compartment, taking care to keep the reaction vessel completely submerged. The flask was placed back on the rocking platform and the incubation continued for the desired length of time. The incubation was terminated by removing the flask from the water bath and immediately placing it in melting ice. The syringe port was then removed and the contents of the flask, now chilled, was transferred to a homogenizer for further work.
To confirm that anerobiosis was maintained in these experiments, measurements were made of O-production by neutrophils incubated under these conditions for 60 min.2 With opsonized zymosan as the respiratory burst stimulus, O2 production by whole cells was negligible under nitrogen, whereas values obtained under room air were comparable to those previously reported (6) . These results indicate that this technique is suitable for conducting incubations under defined atmospheres.
Phagocytosis. Phagocytosis was measured using opsonized zymosan as the ingestible particle. A reaction mixture containing neutrophils, opsonized zymosan, and other constituents as noted was incubated at 37°C in a Dubnoff metabolic shaking incubator. At the desired time, a 0.1-ml portion was withdrawn and added to 0.1 ml of ice-cold NEM solution (2 mM, in Hanks' balanced salt solution) to stop phagocytosis; the remainder of the reaction mixture wa5 discarded. To the portion in NEM was added 2 ml of a 0.25-M sucrose solution containing 0.1 M EDTA, 5,M colchicine, and 1% (wt/vol) bovine serum albumin. The sucrose solution was at room temperature when added, and subsequent steps were carried out at room temperature. After agitating the diluted sample (Vortex Omnimixer, Scientific Industries, Inc., Bohemia, N. Y.) to disrupt clumps, the cells in a 0.4-ml portion were deposited on a slide by cytocentrifuge. The slide was dried in air, and the cells fixed for 10 min in absolute ethanol:37% aqueous formaldehyde (9:1 [vol/vol]). The zymosan was stained with periodic acid-Schiff, and the cells were counter-stained with methyl green (2% aqueous solution for 5 min) followed by fast green (2% aqueous solution for 5 min). The number of zymosan particles in contact with each of 50 cells was then determined microscopically.
For electron microscopy, the same procedure was followed through the termination of phagocytosis by NEM. At this point, instead of sucrose solution, glutaraldehyde (0.2 ml of 2.5% glutaraldehyde in 1.0 M sodium phosphate buffer [pH 7.2]) was added to the sample. The cells were fixed for 30 min at 4°C, then prepared for electron microscopy as described by Andr6-Schwartz et al. (22) . Ultrathin sections were examined with an Hitachi HU-1 1E electron microscope (Hitachi America, Ltd., San Francisco, Calif.) operated at 75 kV.
Other assays. Myeloperoxidase activity in particles in the presence or absence of inhibitors was assayed by a modification of the method of Bretz and Baggiolini (23) . Particles from resting neutrophils (0.39 mg protein in 1.0 ml sucrose) were preincubated for 2 min at 37°C with 0.01 ml of a 0.1-M solution of the agent to be tested. Control particles were incubated with 0.01 ml of water. Myeloperoxidase was then assayed by adding a 0.1-ml portion of the preincubation mixture to 1.0 ml of a solution containing the agent to be tested (1 mM), dianisidine HCI (0.32 mM), H202 (0.08 mM), and Triton X-100 (0.05%) in 0.1 M sodium citrate buffer (pH 5.5). After incubating for 1 min at room temperature, the reaction was stopped with 1.0 ml of 35% HC104. The precipitate was removed by centrifugation, and the absorbance read at 560 nm. Under these conditions, the absorbance measured in the absence of inhibitor was linear with particle concentration.
Protein was measured by the method of Lowry et al. (24) . tidles, because (a) the activity in particles from cells exposed to zymosan for 3 min and then stored on ice for various periods before homogenization is equal to that from cells homogenized immediately after activation, and (b) the O-forming activity of the isolated particles is stable for several hours at 0°C. It appears rather that the activity of the O-forming enzyme declines in the intact cells when they are incubated with zymosan for periods longer than 3 min.
RESULTS

Studies
Evidence regarding a possible mechanism for this loss in 0--forming activity has been provided by studies performed in Klebanoff's laboratory with myeloperoxidase-deficient neutrophils (25, 26) . Stimulation of these cells leads to substantially greater rates of oxygen uptake, H202 formation, and O2 production as compared to normal cells. With 0., it has been shown that initial rates of formation are comparable in the two cell types, but that the termination of the respiratory burst is delayed in myeloperoxidasedeficient cells (25) . This finding suggests that the myeloperoxidase system, known to be important in bacterial killing by the neutrophil (1, 2, 26) , is somehow involved in the late decline of the respiratory burst. If this decline is caused by a loss in the activity of the 0.-forming enzyme, then the elimination of the myeloperoxidase system should preserve the°2-forming activity just as it preserves the respiratory burst. This possibility was tested by examining the effect of NaN3, a powerful inhibitor of myeloperoxidase (25) , on the 0.-forming activity of particles from zymosan-treated neutrophils. 0. formation by particles from cells activated for 7 min in the presence of 1 mM NaN3 was 13.2±2.1 SE nmol/min per mg protein, as compared with 4.5±0.9 nmol/min per mg protein for particles from the same cells similarly activated in the absence of azide (P < 0.05 by Student's paired t test; n = 4). This does not appear to be due to an effect of azide on the interaction between the neutrophils and the particles, since kinetics of phagocytosis were the same in the presence and absence of 1 mM NaN3 (Fig.  2) . The presence of 1 mM NaN3 during the entire experiment (i.e., during neutrophil isolation, incubation with zymosan, and the preparation and assay of the particles) resulted in particulate 0.-forming activity similar to that seen when NaN3 was present only during the incubation with zymosan. Thus, the 02-forming activity of particles from zymosan-activated neutrophils is substantially increased when activation takes place in the presence of a myeloperoxidase inhibitor.
NaN3, however, affects enzymes other than myeloperoxidase and similar heme proteins. It is known to inhibit a number of copper oxidases, including laccase (27) , benzylamine oxidase (28) , and ceruloplasmin (29) . To confirm that the effect of NaN3 on the particulate 0.-forming activity is mediated through the inhi-mutase (34), but neither is known to inhibit myeloperoxidase. The activity of the particulate O2-forming system isolated from neutrophils incubated for 7 min with zymosan in the presence of each of these inhibitors is shown in Table I one of all the agents tested which had no effect on myeloperoxidase, the activity of the particles was similar to control. The ability of these agents to augment the O-forming activity of the particles thus correlates with their ability to inhibit myeloperoxidase.
These experiments indicate that myeloperoxidase is involved in the decline in particulate O-forming activity that occurs after activation. That myeloperoxidase is not the only factor responsible for this decline is shown by the results of an experiment in which the 02-forming system from cells activated in the presence of azide was measured at various intervals after activation (Fig. 3) . Comparison with the curve in Fig. 1 shows a minor but reproducible difference in the early time-course, in that the activity of the particles from the azide-treated cells was relatively constant for 10 min, whereas the particles from cells incubated without azide lost activity rapidly after 3 min. The major finding, however, is that the late fall in activity took place under both sets of conditions, little O-forming enzyme being detected in particles from either azide-treated or control cells after 50 Neutrophils were activated for 7 min as described in Fig. 1 , but in the presence of the agents indicated (1 mM final concentration). The particles were prepared and assayed as described in the text. Myeloperoxidase activity in the presence of these agents was determined by the procedure outlined in Methods. The data shown are representative of four experiments.
Termination of the Respiratory Burst 1179 FIGURE 3°2 formation by particles from neutrophils activated in the presence of azide. The experiment was carried out exactly as described in Fig. 1 , except that 1.0 mM NaN3 was present during activation. The data shown represent the mean+SE for three experiments.
Thus, the particulate 02-forming activity decayed even under conditions in which myeloperoxidase was largely nonfunctional.
Although myeloperoxidase is not essential for the late decline in the activity of the 02-forming enzyme, oxygen may still be required. Evidence is accumulating (1, 2, 9, 35-39) that neutrophils may be able to generate from oxygen certain extremely reactive substances, including hydroxyl radical and singlet oxygen, and it is conceivable that these substances are responsible for the inactivation of the 02-forming system by means which are independent of myeloperoxidase. To investigate this possibility, measure- FIGURE 4°2 formation by whole neutrophil homogenates. Neutrophils were activated with zymosan for the times indicated, in the presence (0) or absence (0) of 1 mM N-. Other conditions for activation were as described in Fig. 1 . Homogenates were obtained by the method used for preparing particles, except that the final centrifugation at 27,000 g was omitted. The whole homogenates (0.1-0.2-ml portions) were assayed by the technique used for determining the°2-forming activity of particles, as described in Methods. The data shown represent the mean± 1 SE of three experiments, each conducted with a different neutrophil preparation. ments were made of°2 production by particles isolated from neutrophils incubated with zymosan under an atmosphere of nitrogen. The results are shown in Table II . Particles isolated after a 7-min period of activation under nitrogen produced much more°2 than particles activated in air. This finding provides further evidence that the elimination of the myeloperoxidase system preserves the 02-forming activity of the granules; in this particular experiment, the system was eliminated by preventing the formation of Neutrophils were activated for the times indicated in the presence or absence of cytochalasin B (final concentration 1.5 ,ug/ml). Controls were supplemented with dimethylsulfoxide equivalent to the amount present in the cytochalasin-containing incubations (see Methods). NaN3 (1 mM) was present in all incubations. Particles from activated neutrophils were prepared and assayed as described in the text.
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n one of its substrates (i.e., H202) rather than by inhibiting the enzyme itself. However, even under nitrogen most of the activity was gone by 60 min. Thus, oxygen is not required for the process leading to the loss of particle 0.-forming activity after 60 min. It is possible that the late decline in particulate 0.-forming activity results from the death of the cell. However, 95% of the cells excluded trypan blue after a 60-min incubation with opsonized zymosan, indicating that, at least by this criterion, the cells were able to survive under the conditions of the experiment.
Another explanation for the late decline would be the transfer of the 0.-forming activity to a subcellular The reaction mixtures contained 6 x 107 neutrophils plus 8 mg opsonized zymosan in 4 ml of Hanks' balanced salt solution. Cytochalasin B plus dimethylsulfoxide (final concentration 1.5 ,ug cytochalasin B/ml), or an equivalent volume of dimethylsulfoxide alone, were present as indicated. Incubations were conducted at 37°C for 7 min. Phagocytosis was then stopped with NEM and the samples prepared for electron microscopy as described in Methods. For analysis of phagocytosis, zymosan profiles in 50 consecuitive neutrophil cross sections were counted and classified as to whether or not they were completely surrounded by cytoplasm.
fraction which is not sedimentable at 27,000 g. This possibility was tested by examining the 0.-forming capacity of whole homogenates from cells activated with zymosan. These experiments (Fig. 4) showed that the 0.-forming activity of whole homogenates fell with time in a manner similar to the 0()-forming activity of particles. The fall was seen whether or not N-was present during activation. Thuis, the decline in 0. production by particles represents a true loss in the activity of the 0.-forming system, not a transfer of the system from one subcellular comiipartment to another.
To understand the mechanism by which this loss occurs, a number of maneuvers were uindertaken to try to preserve the 0.-forming system in cells incubated with zymosan for 60 min. Incubatiing the cells with glucose (1 mg/ml) to replenish substrates, or in the presence of colchicine (25 ,tM) , an inhibitor of microtubule polymerization, did not prevent the loss in the ability of the particles to generate .. 0. production at 60 min was not restored by the addition of freshly opsonized zymosan 7 min before terminating the incubation. However, as shown in Table III, cvtochalasin B at low concentrationis prevented the loss of the 0.1-forming activity at 60 min. In this experiment, 0. production by particles from cells incubated in the presence of cytochalasin B was approximately the same after 60 min as after 7 min of exposure to zymosan. By contrast, control particles showed the expected fall in activity. In the hope of providing an explanation for the effect of cytochalasin B on the 0°2-forming system, the interaction between cytochalasin B-treated neutrophils and opsonized zymosan was analyzed in detail. This anal- reduced the number of cell-associated particles by _50% (Fig. 5 ). This reduction did not appear to be due to a decrease in the rate of interaction of neutrophils with opsonized zymosan, since both the average number of particles per cell (uppermost panel) and the distribution of cells with respect to the number of associated particles (lower panels) remained roughly constant from 7 min on. Rather, there seemed to be a decrease in the maximum number of particles with which the cell could become associated. Close inspection of the cytochalasin B-treated cells suggested not only that the number of associated zymosan particles was reduced, but also that the nature of the association was abnormal. Specifically, it appeared as if the cytochalasin B-treated cells were unable to internalize particles which had attached to their surface. This impression was confirmed by electron microscopy. Cross sections of cytochalasin Btreated neutrophils exposed to opsonized zymosan for 7 min showed fewer zymosan profiles than normal, and most of these were exposed to the environment. This contrasts with the particles associated with normal cells, most of which were entirely surrounded by cytoplasm (Table IV, Fig. 6 ).
DISCUSSION
The course of the respiratory burst in neutrophils incubated with opsonized zymosan (3, 6 ) is mimicked by that of the O-generating capacity of particles isolated from such cells. Both reach maximum levels rapidly, then decline to substantially lower values later in the incubation. These correlations between the behavior of whole cells on one hand and particles on the other suggests that the changes with time in the activity of the particulate O-forming system may to a considerable extent explain the time-course of the respiratory burst.
The decline in particulate O-forming activity which takes place during the incubation of neutrophils with opsonized zymosan seems at least in part to result from inactivation of the O-forming system by the peroxide-halide-myeloperoxidase mechanism, which has been shown by Klebanoff and others to be a powerful effector of bacterial killing in the neutrophil (26) . This is indicated by the protection conferred on the O-forming system by anerobic incubation conditions and by inhibitors of myeloperoxidase. The studies with myeloperoxidase-deficient neutrophils referred to above are also consistent with this notion, and suggest that the supranormal H202 production seen in myeloperoxidase-deficient cells (26) may be due to improved survival of the O-forming system in these cells.
The action of myeloperoxidase, however, does not account for all of the decline in the O-forming capacity of neutrophil particles. This is evident from the experiments carried out for 60 min, in which a sharp fall in particle activity is seen even when the incubations were carried out in the presence of azide, or under nitrogen. These findings indicate the presence of an oxygen-independent mechanism which acts to destroy the O-forming system in neutrophil particles.
Evidence concerning the nature of this oxygenindependent mechanism is provided by the finding that its effect is suppressed by cytochalasin B. Cytochalasin B is an agent with far-reaching effects on cell motility3 which are thought to be mediated through an interaction with the microfilament network of the cell (42) . With neutrophils, these effects are expressed in a number of ways. At very low doses, cytochalasin B eliminates spontaneous locomotion in these cells, while paradoxically stimulating chemotaxis (43, 44) . Higher doses abolish chemotaxis and depress phagocytosis; at these doses, bacterial killing is also inhibited (45) (46) (47) . Of partic.ular interest in terms of the present study is the inability of neutrophils treated with this agent to internalize surface membrane. This was first shown by Ryan et al. (48) , who found an impairment in the ability of cytochalasin B-treated cells to internalize and (presumably) degrade surface-bound concanavalin A, a process that normally takes place over the 30 min following exposure of the cells to the lectin. The present study extends those observations to surface-bound particles, showing that an association between opsonized zymosan and cytochalasin B-treated neutrophils sufficient to initiate the respiratory burst can take place without internalization of the particle (and the region of membrane to which it is attached). It may be that, like the receptor to which surface-bound concanavalin A is attached, the 02-forming system of the neutrophil is situated in the plasma membrane (49, 50) . If so, the result with cytochalasin B suggests that the oxygen-independent inactivation of this system involves its internalization and degradation by a process related to phagocytosis.
